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Doped transition-metal dichalcogenides monolayer could provide interesting magnetic properties
to be used in two-dimensional spintronics devices. Using density functional theory plus Hubbard
(DFT+U) scheme, we study the magnetic anisotropy of Mn-doped MoS2 monolayer. A single
isolated Mn dopant exhibits a large perpendicular magnetic anisotropy of 5 meV. Changes in mag-
netization easy axis are possible by varying the number of nearest neighbor Mn dopants, the Mn-Mn
distance and/or doping configuration. In pairwise doping, a transition from out-of-plane to in-plane
magnetization occurs when Mn-Mn distance is smaller than 6 A˚. In the case of three nearest neigh-
bor Mn impurities, the magnetic anisotropy energy is very sensitive to the atomic positions and in
most configurations it remains smaller than single and pairwise doping values. Our results suggest
that diluted Mn-doped MoS2 monolayer, where the Mn dopants are well separated, could potentially
be a candidate for the realization of ultimate nanomagnet unit.
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2I. Introduction
Inducing magnetism in nonmagnetic semi-conductor atomically thin monolayers (MLs) is a current field of investi-
gation in material science to reach applications in storage and quantum spin processing. Interestingly, only very few
experimental works on doping MoS2 MLs with other transition metals [1, 2] are available, when most of the reported
studies are theoretical ones. [3–9] It has been shown that doping, can induce strong ferromagnetism [2–6, 8–12] and
large magnetic anisotropy (MA) that corresponds to direction-dependent magnetism [7, 13–16] in two-dimensional
(2D) materials. MoS2 ML appears to be an emblematic case in the family of transition metal dichalcogenide semicon-
ductors (TMDs), since it possesses peculiar physical properties [17–21]. It is characterized by a robust excitonic binding
energies of hundreds of meV which suggests several potential applications such as in laser or light-emitting diodes
fields. [1, 22–24]. Furthermore, MoS2 ML has specific transport properties [25–30]. In particular, this 2D semicon-
ductor has high low-temperature electron mobility (up to 1000 cm2/Vs) [25–28] and low-power dissipation [27, 29, 30]
which makes it a good candidate to build transistors [27, 29–31]. Thus inducing magnetism in this type of well-
featured materials to address spintronic applications [1, 2, 4, 5, 9], is of first importance. The substitution Mo atoms
in 2H-MoS2 ML by Mn ones is one way to realize promising magnetic 2D-TMDs candidates. [1, 2, 4, 5, 9] From a
thermodynamical point of view, exchanging Mn at Mo sites is found energetically favorable under S-rich regime. [9]
Moreover, it has been shown that Mn dopants clustering within MoS2 ML appears to be a more stable configura-
tion than the well-dispersed Mn dopants case. [8] Experimentally, doped Mn-MoS2 ML samples have been realized
either by using vapor phase deposition techniques for low doping concentration, [17] or by a hydrothermal method to
reach higher doping concentration. [2] Theoretical studies have shown that Mn-doped MoS2 ML promotes a strong
ferromagnetism with high Curie temperatures. [1, 2, 4, 5, 9]
In addition to the desired goal of strong ferromagnetism in 2D-TMDs,, the MA represents a fundamental property
for data storage applications. However, preserving the magnetic moments in preferential direction from thermal
fluctuations at room temperature is challenging.[32, 33] In fact, moving them from their preferential direction to
another less favorable one requires an amount of energy, known as magnetic anisotropy energy (MAE). [34] Therefore,
the only way to avoid spin-flip transitions under temperature effect is reaching large MAE. For substitutional Mn-
doped MoS2 ML, most of the studies have been focused on ferromagnetism only, no discussion of the MA have been
reported. The only works dealing with MAE estimates in doped TMDs, have considered (i) magnetic adatoms (Mn
or Fe) on MoS2 ML containing S di-vacancies, [7] which reach MAE values of few meVs with a preferential in-plane
magnetization for Mn adatom and a preferential out-of-plane magnetization for a single adsorbed Fe; (ii) the doping
of WS2 ML by substitutional Co and Fe atoms that can achieve large perpendicular MA of few tenths of meV. [16].
It is well known that in pristine 2H -MoS2 monolayer, under a trigonal prismatic coordination, the 4d Mo orbitals
are split in two groups. The lowest energy orbitals dxz and dyz are strongly coupled with 3p S atom, when the highest
energy orbitals dz2 , dxy and dx2−y2 are less coupled to 3p S states. As a consequence, those orbitals dominate the
conduction and valence band edges characters in MoS2 ML, [35–37] and are the origin of strong spin-orbit coupling
(SOC) up to 150 meV in valence band [38] in K point of the Brillouin zone. Any substitution of a Mo atom by a dopant,
such Mn atom, usually breaks the trigonal prismatic coordination symmetry due to crystal field effects, [3, 4, 9] thus the
dopant orbital moment direction set by both SOC and the crystal field could gives rise to MA. [38, 39] Understanding
and possibly tuning the MA of Mn-doped MoS2 is important for applying these materials in information storage.
In this work, by using density functional theory plus Hubbard term (DFT+U) scheme, we have estimated and
compared the MAE in various Mn-doped MoS2 ML configurations. In particular, we have first investigated the
MA induced by a single isolated Mn dopant, representative of a moderate dopant’s concentration of 4%. Then, in
view of the preferential clustering of substitutional Mn atoms in MoS2 ML, we have studied the MA’s sensitivity to
atomic configurations and doping concentration by varying the number and the positions of substitutional Mn in the
calculation cells. To this end, various configurations have been constructed by placing two or three Mn atoms in Mo
sites of a zigzag or/and armchair patterns with different Mn-Mn separations. In addition, for relevant doping cases,
through the analysis of dopant SOC we have investigated and rationalized the MA’s origin.
II. Methods and Computational details
Spin-polarized DFT as implemented in Vienna ab initio simulation package (VASP) was performed in this work. [40,
41] The core potential was approximated by the projected augmented wave (PAW) scheme. [42, 43] Perdew-Burke-
Ernzerhof (PBE) formulation of generalized gradient approximation (GGA) was used to describe the exchange-
correlation interaction. [44] In addition, a Hubbard U correction [45] was adopted in order to better describe the
localization of 3d Mn orbitals. The on-site Hubbard U parameter was set to 5 eV as assigned to Mn impurity in
Ref. [46]. The criteria of atom force convergence, used for all structure relaxations, was fixed to 0.02 eV/A˚, with an
energy cutoff of 400 eV. In order to model the geometry of Mn-doped MoS2 ML, supercells of size 5×5×1 and 7×7×1
3were used, with a 20-A˚-thick vacuum region to separate adjacent MLs. To calculate MAE, a 4×4×1 Γ-centered
Monkhorst-Pack grid with the tetrahedron smearing method of Blo¨chl,[47] were adopted. For density of state cal-
culations, the k-points grid has been increased to 8×8×1 and the smearing method was switched to the Gaussian
smearing method of 0.02 eV width. The MA of Mn-doped MoS2 was studied via the estimate of the MAE which is
given by,
MAE = E‖ − E⊥, (1)
where E‖ and E⊥ denote the total non-self-consistent energies when the magnetization direction is parallel to x−
and z−axis, respectively. These energies have been determined by means of non-collinear magnetic calculations using
the pre-converged charge and magnetization densities. Here, the in-plane magnetization is assumed to be isotropic.
Positive MAE stands for preferential perpendicular magnetization corresponding to perpendicular magnetic anisotropy
(PMA), when negative MAE stands for a preferential in-plane magnetization which is known as in-plane magnetic
anisotropy (IMA).
The investigation of MAE origin has been taken into account for relevan doping cases. To establish a proper
explanation for PMA and IMA, several models were considered. The MAE requires an orbital moment which originates
from both the SOC and crystal-field effect [48]. To investigate the spin-orbit and crystal-field contribution to the MA
of Mn-doped MoS2, the spin-orbit energy has been compared to MAE. If they are close in magnitude which means
that the SOC contribution represents a large part of MAE, the second order perturbation method [34], discussed
below, was employed to elucidate the origin of MA. If the spin-orbit energy is small compared to MAE, the latter
comes mainly from the crystal-field energy. [34] In that case, following Bruno’s formula, [49] with MAE=
ξ
4µB
∆m0,
where the constant ξ stands for the strength of SOC and ∆m0 = m
⊥
0 −m‖0 is the orbital magnetic anisotropy (OMA),
it means that the easy magnetization axis coincides with the direction that has the largest orbital moment.
Another possibility is that the major contribution to the MAE comes from the SOC effect. In this specific case, MAE
originates from the competition between out-of-plane and in-plane SOC terms. [34] Based on this, the atomic and
orbital contributions of Mn impurities to the difference in the SOC energies for out-of-plane and in-plane magnetization
orientation, ∆ESOC = E
‖
SOC − E⊥SOC, [50] have been analyzed. Here, we have used the definition of SOC term
ESOC = 〈 ~
2
2m2c2
1
r
dV
dr
L.S〉, where V (r) is the spherical part of the effective potential within the PAW sphere. [50] In
fact, with this definition ESOC is twice the actual value of the total energy correction to the second-order in SOC, i.e.
MAE' 1
2
∆ESOC. Moreover, a method of second order of SOC was also employed to treat the orbital contributions
of Mn impurities to MAE. To this end, the MAE can be expressed approximately in term of angular momentum
operators Lˆx and Lˆz as in Ref. [34],
EMAE = ξ
2
∑
u(↑,↓),o(↑,↓)
| 〈u(↑,↓)|Lˆz|o(↑,↓)〉 |2 − | 〈u(↑,↓)|Lˆx|o(↑,↓)〉 |2
δu(↑,↓),o(↑,↓)
(2)
if the occupied (o) and the unoccupied (u) states possesses same spin directions or,
EMAE = ξ
2
∑
u(↑,↓),o(↓,↑)
| 〈u(↑,↓)|Lˆx|o(↓,↑)〉 |2 − | 〈u(↑,↓)|Lˆz|o(↓,↑)〉 |2
δu(↑,↓),o(↓,↑)
(3)
if the occupied (o) and the unoccupied (u) states have a different spin direction. The notation (↑, ↓) means spin up
↑ or spin down ↓. δu,o = Eu − Eo is the energy difference between (o) and (u) states. It is seen from Eq. 2 and 3
that the MAE magnitude is governed by the weight of matrix elements and the energy differences δu,o. Moreover,
the sign of MAE energy depends crucially on heavy matrix element, be it with positive or negative signs. To identify
non-vanishing matrix elements that contribute negatively or positively to MAE, the projected density of states of the
3d Mn orbitals was used. This method was used extensively in previous ab initio MAE calculations for other 2D
materials. [13–15, 51–55]
III. Results and discussion
A. Magnetic anisotropy of a isolated Mn atom in MoS2 monolayer
The electronic properties of single Mn-dopant MoS2 ML are first studied, see figure 1. For this purpose, we plot
the total electron density of states (DoS) and the projected electron density of states (pDoS) in 1b and 1c figures,
4(a) (b)
(c) (d)
FIG. 1: a) An example of a 5× 5× 1 MoS2 ML supercell containing a single Mn impurity where yellow, blue and
purple spheres correspond to Sulfur (S), Molybdenum (Mo) and Manganese (Mn) atoms, respectively. b) The total
electronic density of states and c) the projected electronic density of states of Mn-doped MoS2 ML on the
Manganese center. d) Schematic of induced Mn d orbitals splitting, where the black arrows represent non-vanishing
terms originating from Lˆx angular momentum matrix elements between the occupied dz2 and unoccupied dxz, dyz
levels according to selection rules of Ref. [34]. δ1 and δ2 are energy differences associated to those matrix elements,
when ∆ex denotes the intra-atomic Hund exchange splitting.
respectively. The 3 d Mn orbitals gives rise to localized states in the band gap near the conduction band minimum.
The Mn d -orbital energy level split into three different levels under the trigonal prismatic symmetry of MoS2 ML:
a twofold degenerate level containing the in-plane orbitals (dxy, dx2−y2); a twofold degenerate level containing the
out-of-plane orbitals (dxz, dyz) and non-degenerate level containing the perpendicular orbital (dz2). The occupied
dz2 orbital generates a magnetic moment of 1µB in Mn-doped MoS2 ML. The doped ML exhibits a MAE of +5 meV,
indicating that PMA is energetically favored. This value remains of the same order of magnitude with the results
of Cong et al., [7] where the largest MAE value was found to be 1.3 meV for Mn adatom implanted in a di-sulfur
vacancy in MoS2 ML or with the estimate of Ref. [16] for a doped-WS2 ML by Mn in S-substituting position.
In order to investigate the origin of this MAE value, we first use the SOC second order method [34]. To this
end, pDoS of the 3d Mn orbitals are plotted in figure 1c. The highest occupied states are spin up d↑z2 orbitals.
According to Eq. 2 and 3, negative contribution to MAE comes from matrix elements, 〈d↑z2 |Lˆx|d↑xz, d↑yz〉, while positive
one corresponds to 〈d↑z2 |Lˆx|d↓xz, d↓yz〉. Those matrix elements have similar magnitudes. Owing to the intra-atomic
Hund exchange splitting (∆ex), recalling that spin-up and spin-down states with the same symmetry have different
energies, [4] positive contributions of 〈d↑z2 |Lˆx|d↑xz, d↑yz〉 remain small because of the large energy denominator between
the two states, denoted δ2 in Fig. 1d. Hence, the MAE is dominated by the negative contribution of 〈d↑z2 |Lˆx|d↑xz, d↑yz〉.
However, our calculated MAE value is positive which indicates that the SOC second order method employed here,
is not appropriate. Thus we propose to use Bruno’s model in which the sign of MAE can be determined by orbital
moment difference ∆m0 instead. Indeed, the calculated ∆m0 is positive of 2.1 × 10−2 µB , which is in agreement with
5(a) 1 NN configuration (b) 2 NN configuration
(c) 3 NN configuration (d) 4 NN configuration
FIG. 2: Top view of the atomic structures corresponding to 8%-Mn-doped 5×5×1 MoS2 supercells. Four doping
configurations have considered; a) 1 NN configuration, b) 2 NN configuration, c) 3 NN configuration and d) 4 NN
configuration where the smallest Mn-Mn distance is indicated for each case. The yellow atoms are the Sulfur (S),
the blue atoms are the Molybdenum (Mo) and the Manganese atom is denoted by purple color.
the sign of the calculated MAE. Therefore, we attribute the origin of single Mn-doped MoS2 MAE to the crystal field
energy. [48] Since the crystal field effect is critical for the determination of the MAE, a change in the MAE can be
expected as the distance between the Mn dopants decreases.
B. Magnetic anisotropy of a Mn pair diluted in MoS2 monolayer
In this section, we treat the case of Mn pair implanted in a MoS2 ML using 5×5×1 supercell (see figure 2).
Depending on Mn-Mn distance, one can generate four different doping configurations: (i) first nearest neighbor (1-
NN) configuration in which the two Mn impurities are in the NN position with Mn-Mn distance of 3.5 A˚, (ii) the
2-NN configuration in which the two Mn impurities are in the second NN position with Mn-Mn distance of 5.7 A˚,
(iii) the 3-NN configuration in which the two Mn impurities are in the third NN position with Mn-Mn distance of
6.7 A˚ and (iv) the 4-NN configuration in which the distance between the two Mn dopants is 11.3 A˚. To explore the
electronic features of Mn pair in MoS2 ML, we report the pDoS in figure 4 for each doping configuration. Interestingly
the electronic structures of 1-NN and 2-NN configurations are different from that of 3-NN and 4-NN configurations,
with two major feature differences. First one can observe that the Fermi level in the 3-NN and 4-NN configurations,
is placed within the majority spin channel of the impurities unlike 1-NN and 2-NN geometries. Hence, the doped ML
becomes half-metallic when the Mn atoms are in the 3-NN and 4-NN configurations, while it keeps its semiconductor
character for 1-NN and 2-NN configurations. Second, the energy splitting of d-orbitals remains almost the same as
for the isolated case for all configurations except the 1-NN one. In the latter, dz2 orbitals lie at the same level as the
Mn1 dx2−y2 and Mn2 dxy ones when the degeneracy of dxz, dyz unoccupied states is further lifted on Mn1 site. These
features imply modifications of the MA properties as it can be seen in Table I, in which MAEs are listed for all doping
configurations. It is found that 1-NN and 2-NN configurations have IMA, whereas the 3-NN and 4-NN configurations
correspond to PMA. To summarize the MA goes from weak IMA to large PMA when the Mn-Mn distance increases,
see figure 3a. This result reveals the importance to dilute enough the Mn dopants inside the MoS2 ML in order to
get large PMA.
The dopant projected ∆ESOC, are listed in table I for each doping configuration. The difference of SOC energies
6(a) (b)
FIG. 3: Mn-Mn distance dependence of (a) magnetic anisotropy energy and (b) the orbital magnetic anisotropy
∆m0 values for Mn-doped MoS2.
Configurations ∆EMn1SOC ∆E
Mn2
SOC
1
2
∆ESOC MAE= E‖ − E⊥
1-NN 0.002 -0.002 -0.00 -0.88
2-NN -0.040 0.006 -0.01 -0.44
3-NN 0.310 0.347 0.32 0.26
4-NN 0.909 0.387 0.64 1.14
TABLE I: Atomic contributions of Mn1 and Mn2 dopants (see figure 2) to SOC energy differences for in plane and
out of plane magnetization orientation ∆ESOC in meV. The MAE estimated from ∆ESOC and compared to total
MAE calculated from ground-state energy difference of various configurations.
between in-plane and out-of-plane magnetization orientation, ∆ESOC, varies significantly from one configuration to
the other. To get more insights, the decomposed ∆ESOC on d -orbital contributions of both Mn1 and Mn2 impurities,
are plotted in figure 5. For all configurations, those contributions mainly come from dx2−y2 , dxy, dz2 and dyz orbitals.
In particular, for the 1-NN, 2-NN and 3-NN geometries, the coupling between dx2−y2 and dxy orbitals provides a
negative contributions to ∆ESOC whereas the coupling between dz2 and dyz orbitals gives a positive term. As both
negative and positive contributions in 1-NN and 2-NN configurations are almost compensating, a small total ∆ESOC
energy is yielded. Interestingly in the 3-NN case, the negative term is weaker than the positive contribution which
enhances the total ∆ESOC. For the 4-NN configuration, all the matrix elements involving either dx2−y2 and dxy or
dz2 and dyz contribute positively to ∆ESOC.
The contributions of both Mn dopants to MAE via SOC energy differences, using MAE' 12∆ESOC as an estimate
are listed in table I for each doping configuration. Our findings indicate that the SOC contributes differently to the
MA depending on the Mn-Mn distance. In particular, a large part of MAE, about 100% for 3-NN configuration and
about 50% for 4-NN configurations comes from the SOC. However, insignificant SOC contribution is found in case of
the 1-NN and 2-NN configurations. Therefore, the second-order perturbation description of MAE is adequate only
for 3-NN and 4-NN configurations. In fact, both the SOC and cristal field effect force the Mn orbital moments to
take a preferential direction which gives rise to MA. Again, it is more convenient to use OMA to investigate MAE,
as it can be seen in figure 3. It shows how the Mn-Mn distance dependence of the MAE and OMA of pairwise
Mn-doped MoS2 ML can be rationalized by Bruno’s model. The increase of Mn-Mn distance causes the sign reversal
of both MAE and OMA. One can conclude that while the SOC represents the major contribution in 3-NN and
4-NN configurations, for the 1-NN and 2-NN configurations crystal field effect are more important. [48] To further
detail the electronic origin of MAE in 3-NN and 4-NN geometries, we describe the Mn1 and Mn2 pDoS of figure4.
According to figure 5, the relevant contributions to MAE come from dx2−y2 with dxy and dz2 with dyz-coupling
matrix elements. For the 3-NN configuration, the matrix element 〈do↑z2 |Lˆz|du↑yz 〉, involving majority spin d↑z2 and d↑yz
7(a) 1-NN configuration (b) 2-NN configuration
(c) 3-NN configuration (d) 4 -NN configuration
FIG. 4: The projected electron density of states of Mn1 and Mn2 d-orbitals. The figure a), b), c) and d)
corresponds to the 1-NN, 2-NN, 3-NN and 4-NN configurations respectively, when blue and green lines denote
spin-up and spin-down channels, respectively. The Fermi level is indicated by the red dashed line.
states yield positive contributions to MAE of both Mn1 and Mn2 atoms. For the 4-NN configuration, the two matrix
elements, 〈do↑x2−y2 |Lˆz|du↑xy〉 and 〈do↑xy|Lˆz|du↑x2−y2〉, give a positive contributions because of the parallel spin orientations.
The two majority spin orbitals, du↑x2−y2 and d
u↑
xy, of Mn2 are nearly fully occupied which lowers theirs associated
contributions to MAE. Besides, the 〈do↑z2 |Lˆz|du↑yz 〉 matrix element that also contributes positively to MAE especially
for Mn1. All these positive contributions finally lead to PMA.
C. Magnetic anisotropy induced by three Mn dopants in MoS2 ML
In this section, in order to investigate the effect of clustering, we extend our study to three substitutional Mn
impurities within MoS2 ML. Using a 7×7×1 supercell, many configurations have been considered in which the Mn
atoms occupy different relative Mo-sites, see figure 6.
From the values of MAE given in figure 6, no clear trend can be proposed. Indeed configurations can have IMA, PMA,
or presenting no magnetic anisotropy at all. Herein, there is no strict linear dependence on the Mn-Mn separation, for
instance, the Mn-Mn distances of configurations g and j are almost equal, but while the configurationg shows PMA
of 2.8 meV, the configuration j exhibits a IMA of -1.4 meV. It remains possible to obtain large PMA when increasing
8(a) 1-NN configuration
(b) 2-NN configuration
(c) 3-NN configuration
(d) 4-NN configuration
FIG. 5: Difference of d-orbital projected SOC energies between in-plane and out-of-plane magnetization orientation
of two Mn dopants (noted Mn1 and Mn2 in the figure 2) of a) 1-NN, b) 2-NN, c) 3-NN and d) 4-NN configurations.
The blue and green bars represent the positive and negative ∆ESOC, respectively.
Mn-Mn distances, mimicking the isolated Mn geometry. In particular, important positive MAEs of 9.3 meV and 5.3
meV are obtained in configurations b and c, respectively. Interestingly, an important IMA is found for triangular
Mn configuration l of −3.3 meV. Otherwise for the rest of configurations where the atoms are close to each other the
in-plane MA decrease and for some of them out-of-plane MA can be found.
9(a) 0.6 meV (b) 5.3 meV (c) 9.3 meV (d) 0 meV (e) 0 meV (f) -1.2 meV
(g) 2.8 meV (h) 0.2 meV (i) -0.2 meV (j) -1.4 meV (k) -1.7 meV (l) -3.3 meV
FIG. 6: Schematics showing various considered configurations of three-dopant Mn embedded in MoS2 monolayer.
The associated magnetic anisotropy energy is mentioned for each case. Only the relevant portions of the 7×7×1
supercells are shown, for sake of clarity. Blue, yellow, and purple balls represent Mo, S, and Mn atoms, respectively.
IV. Conclusion
By performing DFT+U calculations, we have investigates the magnetic anisotropy induced by Mn doping in MoS2
monolayer. In the case of a well-isolated Mn atom substituting a Mo center, a large positive MAE of 5 meV is obtained
which means that the preferential direction of magnetization is perpendicular to the MoS2 ML, when the origin of
MAE is attributed to the crystal field energy. In the case of the Mn pairwise doping, a spin reorientation transition
from out-of-plane to in-plane magnetization takes place when the Mn-Mn distance becomes smaller than 6 A˚. The
PMA in this case originates from the SOC between dx2−y2 and dxy orbitals and between dz2 , dyz orbitals. For three
nearest neighbor Mn atoms case, MAE fluctuates a lot as a function of atomic configuration and is ranged from -3.3 to
9.3 meV. In general, it is apparent that the clustering of Mn dopants favors the in-plane magnetization. Our findings
show that important magnetic anisotropy can be found in Mn-doped MoS2 ML only for considerable Mn-Mn distances.
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